Background: Bladder cancer is one of the most common malignant genitourinary diseases worldwide. Despite advances in surgical technique, medical oncology and radiation therapy, cure of invasive tumors remains elusive for patients with late stage disease. Therefore, new therapeutic strategies are needed to improve the response rates with regard to recurrence, invasion and metastasis. Objective: Inhibitor of DNA binding (Id) proteins have been proposed as therapeutic targets due to the key regulatory role they exert in multiple steps of cancer. We aimed to explore the role of Id proteins in bladder cancer development and the pattern of expression of Id proteins in bladder carcinomas. Methods: We used a well-established chemically induced model of bladder carcinogenesis. Wild type and Id-deficient mice were given N-butyl-N-(4-hydroxybutyl) nitrosamine (BBN) in the drinking water and urinary bladder lesions were analyzed histopathologically and stained for Id1. We assessed the effects of Id1 inactivation in cultured bladder cancer cells and in a model of metastatic lung colonization. We also performed Id1 staining of human urothelial carcinoma samples and matched lymph node metastases. Results: Id1 protein was overexpressed in the BBN-induced model of bladder cancer. Id1 deficiency resulted in the development of urinary bladder tumors with areas of extensive hemorrhage and decreased invasiveness when compared to wild type mice. Id1 inactivation led to decreased cell growth in vitro and lung colonization in vivo of human bladder cancer cells. Immunohistochemistry performed on human urothelial carcinoma samples showed Id1 positive staining in both primary tumors and lymph node metastases. Conclusions: In summary, our studies reveal the physiological relevance of Id1 in bladder cancer progression and suggest that targeting Id1 may be important in the development of novel therapies for the treatment of bladder cancer.
INTRODUCTION
Bladder cancer is a significant health problem, with incidence continuing to rise. In terms of overall cancer frequency, it is ranked ninth, with more than 330,000 new cases diagnosed annually worldwide [1] . At presentation, about 70-80% of bladder tumors are non-muscle invasive papillary tumors with the majority of cancers amenable to initial transurethral resection and intravesical chemotherapy or immunotherapy. These tumors only rarely evolve into an invasive cancer, but they have a high rate of recurrence. The second main variant, which accounts for about 20% of urothelial carcinomas, presents as an invasive tumor. Tumors that show muscle invasion at the time of diagnosis have a much less favorable prognosis and often progress rapidly [2] [3] [4] [5] [6] [7] . New therapeutic modalities are needed to decrease recurrence and progression in patients diagnosed with non-invasive tumors and to provide new treatments for patients diagnosed with invasive bladder cancer.
Id (inhibition of DNA binding) proteins belong to the helix-loop-helix (HLH) family of transcription factors. Id family members (called Id1, Id2, Id3 and Id4) control a wide range of developmental and cellular processes by inhibiting the activity of the basic helix-loop-helix (bHLH) family of transcription factors. Id proteins contain a HLH dimerization motif but lack a basic DNA binding domain and act as dominant negative regulators by binding to bHLH transcription factors and preventing the formation of DNA-binding transcriptionally active complexes [8, 9] . Since the identification of the first Id helixloop-helix (HLH) protein in 1990, much work has demonstrated the regulatory roles of Id proteins in a variety of cellular processes including proliferation, differentiation, angiogenesis and metastasis [9] [10] [11] [12] [13] [14] [15] [16] [17] . The fact that Ids are expressed at low levels in postnatal tissues and have significant roles in tumorigenesis raises the possibility that targeting Id proteins might be a viable strategy for treating cancer [18] . The requirement of Id expression in endothelial cells to establish a tumor vasculature has been extensively studied [19] [20] [21] [22] . The first study to assess the role of Id proteins for tumor vascularization showed that xenograft tumors failed to grow and/or metastasize in Id-deficient mice with extensive hemorrhage and necrosis [19] . The role of Id proteins in tumor endothelium was further investigated in several tumor mouse models. Studies using transgenic animals that express a HER/neu activated oncogene and develop mammary tumors (YD neu mice) have shown that Id deficiency did not prevent or delay tumor formation but did alter tumor phenotype. Tumors that developed in Id-deficient mice showed areas of necrosis and dramatically improved sensitivity to chemotherapeutic intervention [20] . Similar results were described in other tumor-prone animals like Pten+/- [21] or TRAMP (transgenic adenocarcinoma of the mouse prostate) [22] mice.
Although the importance of Id1 in tumor endothelial cells is well established, the expression and role of Id1 protein in some cancer cells was for a time controversial, owing to disparate observations depending on the cell line or tumor model used or the nature of the antibodies against the gene products [23] [24] [25] [26] . To resolve this issue, our laboratory has developed and characterized a highly specific rabbit monoclonal antibody against Id1. Using this antibody, Perk et al. found that Id1 is expressed in tumor cells of metaplastic triple negative breast cancer and bladder cancer [13] . Importantly, Id protein reduction in both the vasculature and breast tumor cells leads to a profound reduction in metastatic propensity [10, 27, 28] . Other studies have revealed a role for Id1 in cancer cells of a variety of tumors including brain, salivary gland, colorectal and lung cancer [29] [30] [31] [32] . A number of in vitro studies have pointed to a role for the Id proteins in bladder tumor cells. Overexpression of Id1 has been shown to enhance the invasiveness of bladder cancer cells, while Id1 downregulation results in increased chemosensitivity [26, 33] . A role for Id1 has also been proposed in the regulation of epithelial-to-mesenchymal transition in bladder cancer [34, 35] .
To explore the role of Id1 in an in vivo setting, we have used a well-established chemically induced mouse model of urinary bladder carcinogenesis that relies on the administration of N-butyl-N-(4-hydroxybutyl) nitrosamine (BBN) [36, 37] . The use of this model can be of clinical relevance since BBN induced bladder tumors bear significant histopathological similarities to the human disease [38, 39] .
MATERIALS AND METHODS

Mice
All animal studies were performed in accordance with MSKCC Institutional Animal Care and Use Committee guidelines via approved IACUC protocol # 06-10-025. The animal care programs and facilities of MSKCC are administered through the MSKCC Research Animal Resources Center, which provides full-time animal care. The Center's programs are fully accredited by the American Association for Accreditation of Laboratory Animal Care and are in compliance with the NIH guidelines for the care and use of laboratory animals. All animals were closely monitored and promptly sacrificed if they exhibited any sign of morbidity or distress. Id-deficient mice have been described previously [19] . NCr nude mice were purchased from Taconic.
BBN treatment
For the induction of urinary bladder carcinomas, mice 8 weeks of age were exposed continuously to BBN (TCI, Japan) present in the drinking water at a concentration of 0.05%, during 20 weeks, as described previously [36] . Mice were sacrificed upon presentation of symptoms and urinary bladders were collected and paraffin embedded for histological analysis.
Cell culture
UM-UC-3 cells were obtained from the American Type Cell Culture (ATCC) and maintained in high-glucose Dulbecco's Modified Eagle Medium supplemented with 10% fetal bovine serum and 1% penicillin/streptomycin. Id1 knockdown in UM-UC-3 cells was achieved with the retroviral vector pRS-Puro-Id1sh previously validated [10] . Retroviral particles were produced via calcium phosphate transfection method in 293T-GP2 cells. Virus-containing supernatants were harvested between 48 and 72 h posttransfection and filtered using a 0.45 m syringe filter. Target cells were infected a total of four times with viral supernatants containing 10 g/mL polybrene (Sigma) and selected with 2 g/ml puromycin (Sigma). For cell viability studies, 10 6 cells were plated in 10 cm dishes for various times and cell number was determined using a standard hemocytometer protocol with the addition of trypan blue to exclude dead cells. Experiments were performed in triplicate.
Protein analysis
For immunoblotting, cells were washed with PBS and lysed in RIPA buffer (50 nM Tris-HCl, pH 7.4, 1% Nonidet P-40, 0.25% Na-deoxycholate, 150 mM NaCl, 1 mM EDTA) plus a cocktail of protease inhibitors (Thermo Scientist). After 10 min on ice, cellular debris was removed by centrifugation (14000 rpm, 10 min). Protein concentration was measured using the BioRad DC Protein Assay Kit. Samples corresponding to 20 g of protein were resolved on 15% SDS-PAGE gels, wet-transferred to nitrocellulose (BioRad) and immunoblotted. Id1 protein was detected using rabbit monoclonal anti-Id1 clone 195-14 (Biocheck) 1:2000 dilution. The secondary antibody was HRPlinked anti-rabbit (N934 V, Amersham). Membranes were subsequently probed with anti-actin antibody (1:6000) (A2066, Sigma). Detection was performed by chemiluminescence using ECL-Prime (Amersham).
Lung colonization model
For the in vivo model of lung colonization, 2 × 10 6 cells were resuspended in 200 l of PBS and injected into the lateral tail vein of 2 months old NCr nude mice. Metastatic burden was assessed by serial sectioning of formalin-fixed paraffin-embedded lung tissue whereby the entire lung was sectioned and seven sections from each mouse (4 mice from UM-UC-3 ctrl and 3 mice from UM-UC-3 sh-Id1) taken every 100 m were H&E stained. Stained sections were digitized with a Mirax Scanner and areas of metastatic lesions and total lung were measured with ImageJ software.
Human urothelial carcinoma samples
All tumor samples and associated clinical data were collected retrospectively in accordance with Memorial Sloan-Kettering Cancer Center (MSKCC) Institutional Review Board (protocol # 89-076). All patients provided written informed consent for the use of tissue in research or, when applicable, a waiver was obtained through the MSKCC Institutional Review Board. A total of 67 bladder carcinoma samples were stained for Id1. Six groups of samples were analyzed: pTa low grade (n = 10), pTis in situ (n = 10), pTa high grade (n = 10), pT1 (n = 9), pT2 (n = 9), pT3/T4 (n = 19). Id1 protein expression was analyzed in vessels as well as in tumor cells. The percentage of positive tumor cells was also determined. Id1 staining intensity in positive cases was scored as 1 (weak), 2 (moderate) or 3 (strong).
Immunohistochemistry staining
Immunohistochemical detection was done with a Discovery XT system (Ventana Medical Systems, Tucson, AZ). Slides were blocked with 10% normal goat serum and 2% bovine serum albumin for 30 minutes. Primary antibody incubation was done for 2 hours with anti-Id1 rabbit monoclonal 195-14 (diluted 1:500) followed by incubation with biotinylated goat anti-rabbit IgG (Vector Laboratories, Burlingame, CA; 1:200 dilution) for 8 minutes. Endogenous biotin blocking kit, blocker D, streptavidin-horseradish peroxidase, and 3,3-diaminobenzidine detection kit were used according to the manufacturer's instructions (Ventana Medical Systems). Immunostaining for CD31 was performed on a Leica Bond™ RX using the Bond™ Polymer Refine Detection Kit (Cat. No. DS9800). The sections were pre-treated using heat mediated antigen retrieval with EDTA (pH9, Epitope Retrieval Solution 2, Cat. No. AR9640) for 20mins.
The sections were then incubated with anti-Mouse CD31 (PECAM-1) antibody (Dianova, Cat. No. DIA-310) diluted at 1:250 for 30mins. DAB was used as the chromogen. The sections were then counterstained with hematoxylin and mounted.
RESULTS
Id deficiency alters the phenotype of BBN-induced bladder carcinomas
Id1-deficient mice are viable, fertile, and do not display any gross physical or behavioral abnormalities. Evaluation of urinary bladder sections revealed no histological differences between the wild type and Id1-deficient mice and all components of the urinary bladder including vasculature are within normal limits (Supplementary Figure S1) . To assess the role of Id proteins in a tumorigenic setting, we used an in vivo model of bladder cancer that consists of the administration of the carcinogen N-butyl-N-(4-hydroxybutyl)-nitrosamine (BBN) (Fig. 1A) . Eight week old wild type and Id-deficient (losing two copies Id1-/-Id3+/+ or three copies Id1-/-Id3+/-of Id genes) mice were administered 0.05% BBN in the drinking water for 20 weeks. After completion of BBN treatment, mice were maintained on tap water and monitored for development of signs of disease. Symptomatic mice were sacrificed and bladders were collected and processed for histopathologic analyses.
No differences in overall survival were observed among the different groups (Fig. 1B) . However, we did observe dramatic differences in tumor phenotype. At the time of collecting the bladder for histopathological evaluation, we observed that tumors that developed in Id-deficient background were hemorrhagic in appearance when compared with tumors that developed in a wild type background ( Fig. 2A, right) . In particular, 52% of tumors that arose in Id-deficient mice showed areas of hemorrhagic tissue in contrast to only 8% of tumors in the wild type mice (Fig. 2A, left) . No difference in the proportion of hemorrhagic lesions was observed between Id1-/-Id3+/+ mice (58%) and Id1-/-Id3+/-mice (44%). On histological examination, BBN-induced Id-deficient tumors showed extensive hemorrhage (Fig. 2B) . It is possible that the accumulation of hemorrhagic material in the bladder of Id-deficient mice may cause obstruction of the bladder and ultimately morbidity in Id-deficient mice. Blood vessels were visualized by staining tumors for CD31 (Fig. 2C) . Id-deficient tumors showed abnormal vascularization as evidenced by dilated and irregular vessels with anastomoses similar to what has been observed in other tumor settings [20] [21] [22] . The fact that there were no differences in survival but significant differences in tumor phenotype is reminiscence of the phenotype reported in the HER/neu mammary tumor mouse model where loss of Id did not affect the survival of the mice but rendered tumors to be hemorrhagic and dramatically more sensitive to chemotherapeutic intervention [20] .
Bladder tumors were subjected to histopathological evaluation and classified according to tumor stage: dys, dysplasia; pTis, carcinoma in situ; pT1, invasive to lamina propria; pT2, invasive to muscular layer; pT3, invasive to serosa. The incidence of highly invasive tumors was reduced in Id-deficient mice when compared with the control group. 91.7% of tumors that developed in a wild type background were classified as pT3. In contrast, 52.4% of bladder tumors from Iddeficient mice were classified as pT3, while 9.5% were classified as pT2, 33.3% as pTis and 4.8% as dysplasia (Fig. 2D) .
Together, these results suggest that Id proteins are involved in the establishment of a proper tumor vasculature and in the maintenance of tumorigenic properties of BBN-induced bladder carcinomas.
Id1 protein expression in BBN-induced bladder carcinomas
Since Id1 protein has been reported to be upregulated in human bladder tumors [13, 26, 35] , we wanted to test the levels and expression pattern of Id1 protein in our experimental model of induced bladder carcinogenesis. Similar to the findings in humans [13] , Id1 protein was expressed at low levels in normal bladder tissue (Fig. 3A, Supplementary Figure S2 ). In contrast, high levels of Id1 were found in BBN-induced bladder tumors by western blot analysis and immunohistochemistry (Fig. 3A, Supplementary Figure S2) .
Among the Id family members, Id1 and Id3 are more extensively overexpressed in various tumor types. Id1 and Id3 are known to be closely related evolutionarily and have overlapping biochemical functions [10, 19] . It has also been shown that they can compensate for each other and in some cases, loss of Id1 results in an increase in Id3 protein levels. We analyzed protein levels of Id3 in these samples and we did not find an upregulation of Id3 in response to loss of Id1. We also did not find that Id3 is overexpressed in the BBNinduced bladder carcinomas, suggesting that Id1 may play a pivotal role in these types of tumors (Fig. 3A) . This is consistent with the fact that we did not observe differences in tumor phenotype between BBN-induced bladder carcinomas from Id1-/-Id3+/+ and Id1-/-Id3+/-mice.
To determine the pattern of Id1 expression we performed immunohistochemistry for Id1 in these tumors. We found that Id1 is expressed both in tumor vessels (Fig. 3B, red arrow) and in the tumor cells (Fig. 3B , black arrow), suggesting that Id1 could play a role in both endothelial and uroepithelial cells in bladder carcinomas.
Functional requirement for Id1 during metastatic lung colonization
The data obtained in the mouse model of bladder carcinogenesis prompted us to study the effects of Id1 inactivation in human bladder cancer. The role of Id1 in the human bladder cancer cell line UM-UC-3 (derived from a urinary bladder transitional cell carcinoma from a male patient [40, 41] ) was assessed by knockdown of Id1 expression using short hairpin RNAs. UM-UC-3 cells were transduced with retroviral particles encoding small hairpin RNA against Id1 (shId1) or with control vector. After puromycin selection, Id1 protein expression was analyzed by western blot. We detected a reduction in Id1 protein levels in UM-UC-3-shId1 cells (Fig. 4A ) that led to inhibition of cell growth (Fig. 4B-D) .
To test the in vivo relevance of these findings we used an experimental model of lung metastasis. Female NCr nude homozygous mice were injected via tail vein with UM-UC-3 ctrl and sh-Id1 cells. Ten weeks after injection, mice were euthanized and lungs were collected and paraffin embedded. Paraffin blocks were This finding was not present in the bladders of the wild type mice. The urothelial lesion in this bladder was only urothelial carcinoma in situ (CIS) without evidence of invasion. C) CD31 immunostaining highlights the endothelial lining of the vessels. The vessels in the wild type mouse are small and scattered through the bladder wall without dilation or endothelial proliferation. In contrast, in the Id-deficient mice, there is extensive vascular dilation and endothelial proliferation resulting in anastomosing and gaping vessels. D) Bladder tumors were classified according to tumor stage (dys: dysplasia; pTis: carcinoma in situ; pT2: invasive to muscular layer; pT3: invasive to serosa). *p < 0.05 (incidence of pT3 tumors, χ 2 test). Picture displays a high grade and high stage urothelial carcinoma in a wild type mouse. The tumor is deeply invasive to the level of perivesical tissue (pT3). In comparison, the urothelial lesion that developed in this Id-deficient mouse is non-invasive urothelial carcinoma (in situ), characterized by nuclear pleomorphism and disorder, without any evidence of invasion. serially sectioned and stained with hematoxylin and eosin for histologic examination. The analysis of these sections revealed that Id1 inactivation dramatically reduces metastasis in the lung (Fig. 4E ). Mice injected with UM-UC-3 ctrl cells developed lung metastases positive for Id1 (Fig. 4F) . Interestingly, the small metastatic lesions found in the UM-UC-3 sh-Id1 group stained positive for Id1, indicating that metastases were derived from a subpopulation of cells escaping the Id1 knockdown (Fig. 4G) .
Together, these results indicate that downregulation of Id1 decreases cell growth in vitro and lung colonization potential in vivo of bladder cancer cells.
Immunohistochemical analysis of Id1 in human bladder tumors
Id1 levels were evaluated in tumor specimens from patients with bladder cancer and adjacent normalappearing tissues by immunohistochemistry (Fig. 5 , Table 1 ). Staining intensity was graded as 1 (weak), 2 (moderate) or 3 (strong). Tumor vessels were positive for Id1 staining in all samples analyzed, in agreement with the established role for Id1 in tumor endothelial cells. Normal-appearing urothelium adjacent to neoplastic urothelium showed weak to moderate Id1 staining (average Id1 intensity = 1.7, n = 31), whereas urothelial carcinoma tumor cells showed moderate to high Id1 levels (average Id1 intensity = 2.6, n = 63).
Within the bladder carcinoma samples, pTa low grade and pTis (in situ) were positive for Id1 in 10/10 samples analyzed with an average percentage of Id1 positive tumor cells of 84% and an average staining intensity of 2.9. 10/10 of pTa high grade samples showed Id1 expression in an average of 83% tumor cells with an average staining intensity of 2.7. In the case of pT1, 9/9 were positive, average percentage was 49% and intensity 2.6. For pT2 samples, 9/9 were positive, average percentage was 50% and intensity 2.3. For pT3/pT4, 15/19 samples were positive, average percentage of 47% and intensity 2.3.
We have also evaluated levels of Id1 protein in lymph node metastasis (Fig. 5F ). 8/9 of these lymph node metastatic lesions showed Id1 positive staining with Fig. 4 . Effects of Id1 knockdown in vitro and in an in vivo model of lung colonization. A) UM-UC-3 cells were transduced with ctrl or sh-Id1 retrovirus and Id1 protein expression was analyzed by western blot. B) Growth curves of UM-UC-3 ctrl and sh-Id1 cells. Cells were plated at 10 6 cells per plate in triplicates in 10 cm plates for various times, and cell numbers were estimated by using Trypan Blue. Unpaired t-test ( * p < 0.05, * * p < 0.01). Representative images of UM-UC-3 ctrl (C) and sh-Id1 cells (D) after 72 h in culture. E) Quantification of metastasis area in lungs from mice injected with UM-UC-3 ctrl and sh-Id1 cells. Metastatic burden was assessed by serial sectioning of formalin-fixed paraffin-embedded lung tissue whereby the entire lung was sectioned and sections 100 m apart were digitally scanned and the percentage of lung metastasis area to total lung area was determined. Mann-Whitney U test ( * * * * p < 0.0001). Immunohistochemical staining for Id1 of lungs from UM-UC-3 ctrl (F) and sh-Id1 (G) injected mice. Original magnification: x20.
an average percentage of 58% and staining intensity of 2.8.
The Kruskal-Wallis test was used to compare groups followed by Dunn's multiple comparisons test. Kruskal-Wallis test revealed a significant difference in Id-1 staining intensity between the various groups ( * * * * p < 0.0001). Post hoc Dunn's test showed significant differences between tumors ( * * * * p < 0.0001), pTa low grade ( * * * * p < 0.0001), pTis ( * * * * p < 0.0001), pTa high grade ( * * p < 0.01), pT1 ( * * p < 0.01) and lymph node metastases ( * * p < 0.01) when compared with normal tissue.
DISCUSSION
Id1 is a known marker of tumor vasculature for a wide variety of cancers, where it plays a role in tumor angiogenesis [19] . Id1 could also play a role in tumor cells where it contributes to the neoplastic phenotype by inhibiting differentiation and stimulating proliferation and invasiveness [8] [9] [10] 27] . Our knowledge of the role of Id proteins in bladder cancer cells comes from in vitro studies that implicate Id proteins in tumorigenic processes like invasion, chemorresistance and conversion between epithelial and mesenchymal states [26, 27, [33] [34] [35] . Knockdown of Id1 increases the sensitivity of bladder cancer cells to the chemotherapeutic agent epirubicin, suggesting that inactivation of Id1 may be a potential means to improve the efficiency of chemotherapeutic drugs [33] .
We have used a chemically induced model of bladder cancer to ascertain the role of Id proteins in a physiologically relevant setting. Cross-species comparison analysis has shown that this model of bladder cancer accurately represent the clinical situation found in human bladder cancers [42] and has been extensively used to characterize the tumorigenic process Table 1 Id1 staining in human bladder carcinoma samples Id1 staining intensity normal-appearing (n = 31) 1.7 tumors (n = 63) 2.6 * * * * pTa low grade (n = 10) 2.9 * * * * pTis (n = 10) 2.9 * * * * pTa high grade (n = 10) 2.7 * * pT1 (n = 9) 2.6 * * pT2 (n = 9) 2.3 pT3/pT4 (n = 15) 2.3 lymph node mets (n = 8) 2.8 * *
Id1 staining intensity was scored as 1 (weak), 2 (moderate) or 3 (strong). Kruskal-Wallis test revealed significant differences in Id1 staining intensity between the various groups ( * * * * p < 0.0001). Subsequent Dunn's test showed significant differences between tumors ( * * * * p < 0.0001), pTa low grade ( * * * * p < 0.0001), pTis ( * * * * p < 0.0001), pTa high grade ( * * p < 0.01), pT1 ( * * p < 0.01) and lymph node metastases ( * * p < 0.01) when compared with normal tissue.
for urinary bladder cancer and to assess the efficacy of potential chemopreventive agents [43] [44] [45] [46] [47] . We found that Id1 is overexpressed in tumors arising in this mouse model of bladder cancer. Id1 expression was detected in both bladder epithelium and endothelium of these bladder carcinomas induced by BBN. Interestingly, Id1 deficiency results in hemorrhagic tumors and reduced frequency of invasive tumors, suggesting a functional involvement for Id1 in both the establishment of a proper tumor vasculature and the maintenance of tumorigenic properties of BBN-induced bladder carcinomas. The change in biology of the lesions upon Id loss could be of relevance since similar changes profoundly sensitizes the tumors to chemotherapy in a model of breast cancer [20] . We further investigated the functional role of Id1 in urinary bladder cancer by knocking-down Id1 in human bladder cancer cells. Loss of Id1 results in decreased cellular proliferation rates in vitro and dramatically decreased lung colonization capacity in an experimental mouse model of metastasis. These results are in alignment with previous studies [10] showing that Id proteins mediate tumor re-initiation during breast cancer lung metastasis.
We analyzed Id1 staining in human urothelial carcinoma samples and found that Id1 was expressed in both vessels and tumor cells making it an extremely attractive target for therapeutic intervention. Staining in tumor cells was nuclear in agreement with a previous study [13] . Other studies have shown cytoplasmic Id1 staining, which can be explained based on the use of a different antibody in these assays which can have a lower degree of specificity [26, 35] . In agreement with a previous study, benign urothelium adjacent to neoplastic urothelium showed weak to moderate Id1 staining, which may suggest an onset of molecular changes in these tissues adjacent to tumors [13] . This suggests a role for Id1 in the transition from normal to malignant urothelium and could be an early marker of the disease. Similar findings have been described in premalignant lesions in the pancreas [48] and recently in colon cancer, where elevated levels of Id1 occur in colorectal adenomas and in dysplasia implying that upregulation of Id1 occurs as a relatively early event during tumorigenesis [49, 50] . It is likely that other genetic and epigenetic alterations are also required for the development of late stage disease. We have also analyzed Id1 staining in lymph node metastases and found high levels of Id1 expression. These results agree with and complement previous studies on Id1 protein in other types of tumors like breast cancer, where positive staining for Id1 was found both in primary tumors and metastases [10] . Interestingly, higher levels of Id1 staining were found at early stages and in metastatic lesions. A similar pattern of expression is found in melanomas, where Id1 protein is expressed in early primary melanomas and in metastatic melanoma cell lines and lesions [51] [52] [53] . These data suggest that Id1 is required but may not be sufficient for tumor initiating functions, both in the context of primary tumor formation and during metastatic colonization of the lymph node microenvironment.
Collectively, our results in an in vivo model provide new insights into the role of Id1 in bladder carcinogenesis and the potential of using Id1 as a therapeutic target for bladder cancer treatment.
ACKNOWLEDGMENTS
We thank members of the Benezra laboratory; L. Barrett, S. Pavlovic and P. Wojnarowicz for critical reading of this manuscript and Courtney Coker for assistance with animal husbandry. We also thank Smitha Pillai and Maria S. Jiao of the MSKCC Comparative Pathology Core Facility for pathology analysis and immunohistochemistry. This facility is supported by NIH/NCI grant P30 CA008748. This work was also supported by funds from the Pin Down Bladder Cancer, and the Michael and Zena Wiener for Therapeutics Program in Bladder Cancer to BHB and Cycle for Survival to HAA. MG-C was funded by fellowships from the Human Frontier Science Program (HFSP) and the Spanish Ministry of Education and Science (MEC).
SUPPLEMENTARY MATERIAL
The supplementary table and figure are available in the electronic version of this article: http://dx.doi. org/10.3233/BLC-150023.
